We conducted petrologic, geochemical and isotopic studies on Paleoproterozoic Birimian granitoids that intrude the Bole-Nangodi Belt in northern Ghana, in southeastern West African Craton (WAC), to constrain the geodynamic evolution of the Birimian Supergroup. The rocks are potassic (K)-rich granitoids (KRGs), tonalities, trondhjemites, granodiorites (TTGs), pegmatite and aplite. The K 2 O contents of the KRGs are up to 5 wt%, with generally high concentrations of Rb, Ba, Sr, Cr and Ni. They are highly fractionated calc-alkaline I-type granitoids, enriched in LILE and LREE relative to HREE and HFSE. Chondrite-normalized REE diagrams indicate fractionated LREE (average La N /Sm N = 5.05) and HREE (Gd N /Yb N = 4.56) patterns, with slight negative Eu anomalies (average Eu/Eu* = 0.75). This may indicate an evolved magma source with varying degrees of plagioclase fractionation. The KRGs share similar geochemical characteristics with the TTGs into which they intrude. Both rock types are characterized by Ba and Th enrichment and depletion in Nb-Ta, Zr-Hf, and Ti, which are typical characteristics of subduction-related magmas. The pegmatite-aplite association is slightly geochemically different and may have formed at a time later than the KRGs. The Ԑ Nd (2.1 Ga) values range from + 0.90 to + 1.24 and −0.86 to + 1.37 respectively for the TTGs and KRGs, with T DM1 ages of 2.34-2.38 Ga and 2.36-2.53 Ga and T DM2 ages of 2.21-2.24 Ga and 2.22-2.39 Ga respectively. These indicate their juvenile character, possibly a depleted mantle source with minor contributions from a pre-Birimian (or Archean?) crustal material in their source material(s). The TTGs and KRGs are volcanic arc granites (VAG) and syn-collisional (Syn-COLG) granites, with formation temperatures and pressures of~640-750°C and~2-6 kbar respectively. Based on the high temperatures, I-type signature, calc-alkaline nature and other geochemical characteristics, we infer that the TTGs, KRGs and pegmatite-aplite association developed under high oxygen fugacity conditions in an orogenic tectonic setting related to subduction. Thus, our geochemical and isotopic results are consistent with an island arc tectonic setting arising from subduction-accretion processes, which are typical for the Paleoproterozoic terranes of the WAC. These processes may have contributed to the amalgamation of the Columbia (Nuna) supercontinent during the Paleoproterozoic (2.1-1.8 Ga) orogeny. which have been affected by the Eburnean Orogeny (ca. 2.1-2.0 Ga) (e.g. Liégeois et al., 1991) . The Bole-Nangodi Belt consists of potassic granitoids that are dominantly granites, TTGs, pegmatite and aplite. Granitoid plutons form essential constituents of the continental crust and orogenic zones, and they are highly compositionally diverse (Altherr et al., 2000; Eleftherriadis and Koroneos, 2003 ; Christofides https://doi.
Introduction
The West African Craton (WAC) contains numerous granitoid plutons of various generations. The Bole-Nangodi greenstone Belt, which forms part of the southeastern portion of the Paleoproterozoic block of the Man Shield of the WAC hosts various types of granitoid rocks, all of et al., 2007) . Granitoids of the Bole-Nangodi and Wa-Lawra Belts (northern Ghana) are only recently being studied Block et al., 2016a Block et al., , 2016b Abitty et al., 2016) . Sakyi et al. (2014) reported that the granitoids of the Wa-Lawra Belt are I-type and may have been derived from an evolved magma in a subduction-related tectonic setting. Magmatism over a time span of ca. 81 Ma (ca. 2213 -2130 indicates that the melts responsible for the formation of the granitoids of the Wa-Lawra Belt were probably derived from the same source and were affected by the same mantle and crustal processes that occurred at an earlier stage of the Eburnean Orogeny .
According to Block et al. (2016b) all the different rock types that make up the Paleoproterozoic crust of northern Ghana were formed together over a prolonged period of ca. 100 Ma, between ca. 2.21 and 2.11 Ga, where the TTGs were derived from the reworking of low-K hydrous mafic crust. The more felsic rock types were formed by reworking of older felsic crustal rocks. A study of the KRGs of the Bole-Nangodi Belt by Abitty et al. (2016) revealed that they are I-type granitoids that were generated under hydrous conditions of melting with magma mixing, assimilation and fractional crystallization playing a key role, and subsequently emplaced in a volcanic arc geotectonic environment. Abitty et al. (2016) inferred that even though the KRGs are I-type granitoids, they show some geochemical signatures, similar to A-type granitoids, suggesting an arc-back-arc tectonic setting for the KRGs of the Bole-Nangodi Belt. However, the integration of field work, petrography and whole-rock major and trace element geochemistry of a limited sample size may not be enough to provide adequate insights into the geodynamic environment of emplacement and petrogenetic implications of the KRGs of the Bole-Nangodi Belt of Ghana.
The peculiar K-rich nature of the granitoids in the Bole-Nangodi Belt and the relationship between their geochemistry and source material composition are key to understanding the geodynamic evolution of the Paleoproterozoic terrane of the WAC (Huang et al., 2010) . According to Huang et al. (2010) the geochemical characteristics of K-rich rocks may provide a genetic link between continental collision and continued post-collisional processes. This makes it possible to understand the origin and evolution of the continental crust (Eleftherriadis and Koroneos, 2003; Eglinger et al., 2017; Wane et al., 2018) . Most of the Paleoproterozoic Birimian rocks in the Bole-Nangodi Belt do not show any significant variation in geochemical characteristics. Thus, they may be products of a similar source with varying degrees of evolution and generated in similar tectonic settings (e.g. Sakyi et al., 2014; Block et al., 2016b) . In order to adequately understand the geodynamic evolution and provide new perspectives on the petrogenesis and tectonic implications of the KRGs and its associated rocks, we present detailed petrographic studies and in situ major element analysis of selected minerals as well as new whole-rock geochemical and isotopic data of the KRGs and associated rocks of the Bole-Nangodi Belt.
Geological setting
The WAC is composed of two Precambrian shields, namely; the Reguibat shield to the north and the Leo-Man Shield to the south. Both shields are subdivided into a western domain (Kenema-Man of Archaean age) ( Fig. 1) , characterized by Liberian (ca.~2.75 Ga), Leonean (ca.~2.95 Ga) and pre-Leonean (ca.~3.1 Ga) orogenic events (Wright et al., 1985) , and a central-eastern domain (Baoulé-Mossi/ Birimian of Paleoproterozoic age), characterized by the Eburnean (ca.
2.2-2.0 Ga) orogeny (e.g. Feybesse et al., 2006; Vidal et al., 2009; Hein, 2010; de De Kock et al., 2011) .
Ghana occupies the southeastern portion of the WAC. About onethird of the entire geology of Ghana is underlain by Paleoproterozoic Birimian rocks, consisting of six greenstone Belts, namely; Kibi-Winneba, Ashanti, Sefwi, Bui, Bole-Nangodi (all of which trend NE-SW) and the N-S trending Lawra Belt (Fig. 2) . The other two-thirds is occupied mainly by the Voltaian sedimentary rocks and Dahomeyide rock units. The greenstone Belts consist basically of metavolcanic rocks and are separated by sedimentary basins made up of metasedimentary rocks. Granitoids that intrude the volcanic Belts are metaluminous and Na-rich, whereas the sedimentary basins are intruded by peraluminous, calc-alkaline and ferroan granitoids (e.g. Leube et al., 1990; Hirdes et al., 1992; Taylor et al., 1992) . The Belt and basin granitoids are mainly the Dixcove-type hornblende granitoid and Cape Coast-type biotite granitoid respectively. Also occurring locally are the Winneba and the Bongo/Banso granitoids (e.g. Leube et al., 1990; Nyarko et al., 2012; Petersson et al., 2016) . This study focuses on the Bongo granitoids, mainly because they have received very little attention, and therefore, have provided only little contribution to the petrogenesis and tectonic implication of the Birimian rocks of Ghana. U-Pb zircon dating of some belt-type granitoids yielded ages of ca. 2179 ± 2 Ma and ca. 2172 ± 2 Ma . Recently dated granitoid rocks from the Lawra volcanic Belt of northwestern Ghana yielded U-Pb zircon ages of ca. 2213-2130 Ma , whilst Anum et al. (2015) also obtained ages of ca. 2191-2127 Ma for granitoids in the Kibi-Winneba Belt of southern Ghana.
The Birimian geology of northern Ghana can be divided into three crustal blocks. They include the western block (Wa-Lawra Belt), the northern block (Koudougou-Tumu granitoid domain, the Julie Belt and the Bole-Bulenga domain), and the southern and eastern blocks (the Maluwe domain, Abulembire domain, Bawku granitoid domain and the Nangodi Belt) . The Bole-Nangodi Belt (Inset in Fig. 2) is characterized by volcanic lobes, made up of basaltic flow, andesitic lavas, pyroclastics and sedimentary rocks and intruded in parts by granitoids. Rocks flanking the Bole-Nangodi Belt include tonalite and granodiorite gneisses, dioritic and granodioritic gneisses, paragneisses, and foliated hornblende granodiorite (Attoh, 1982) . Also present in the Bole-Nangodi Belt is a succession of shales, greywacke and gondites alternating with MORB-type basalts, and overlain by calcalkaline andesitic to rhyolitic lava flows (e.g. Block et al., 2016b) .
Analytical methods
All analyses were carried out at the Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing, China. Sample information, locations, rock types and basic field description can be found in Table S1 . The rock samples were cut into smaller slabs, polished, mounted on a glass slide using Canada Balsam, trimmed and ground until a thickness of 0.03 mm was obtained. Forty-five samples were analyzed for their whole-rock major and trace element compositions. The major element compositions were obtained using Shimadzu XRF-1500 instrument on fused glass disks. Approximately 0.5 g of rock powder was mixed with 5 g of Li 2 B 4 O 7 , and 3 drops of NH 4 Br and the mixture was fused in a furnace to form a glass disk. The disks were then analyzed for major element contents at a current and voltage of 50 mA and 50 kV, respectively. For the trace element analysis, about 100 mg of crushed whole-rock powder was dissolved in 2 ml HF and 1 ml HNO 3 in a closed Teflon bomb, which was heated on a hot plate at~140°C, then opened and subsequently evaporated to dryness to remove silica. Thereafter, 1.5 ml HF, 1.5 ml HNO 3 and 10 ml HClO 4 were added to the Teflon bomb. The bomb was placed in a steel jacket and heated in an oven at 190°C for 5 days to completely dissolve the sample. This was followed by dry down and addition of concentrated HNO 3 to form nitrates, followed by a final evaporation. Thereafter, 2 ml 50% HNO 3 was added to the Teflon bomb, which was subsequently put into the jacket again and heated to 150°C for 24 h. Finally, 0.5 g Rh (1 ppm) was added to the solution as an internal standard, and the solution was diluted by a factor of 500. The solutions were then analyzed by ICP-MS using an Agilent 7000a system. Precisions of the ICP-MS analyses were generally better than 5%. Analytical uncertainties were 1-3% relative to elements present in concentrations greater than 1 wt%, and about 10% relative to elements present in concentrations less than 1 wt%. Elements detection limits are reported in Jin and Zhu (2000) and reproduced in Table S2 . Detail description of analytical procedures is reported in Chu et al. (2009) .
Rb-Sr and Sm-Nd isotopic analyses were performed on ten samples, using a VG-354 Thermal Ionization Magnetic Sector Mass Spectrometer. The chemical separation and isotopic measurement procedures followed that of Zhang et al. (2002) . Mass fractionation corrections for Sr and Nd isotopic ratios were based on values of 86 Sr/ 88 Sr = 0.1194 and 146 Nd/ 144 Nd = 0.7219 (Chu et al., 2011) . Uncertainties in Rb/Sr and Sm/Nd ratios were less than 2% and 0.5%, respectively.
Nineteen rock samples were selected for mineral chemistry analyses by the wavelength-dispersive spectrometry method, using JEOL JXA8100 electron probe microanalyzer (EPMA) operating at an accelerating voltage of 15 kV and 10 nA beam current, 5 μm beam spot and 10-30 s counting time on peak. Natural mineral samples namely; jadeite (NaAlSiO 6 ) for Na, Al and Si, rhodonite (MnSiO 3 ) for Mn, sanidine (KAlSi 3 O 8 ) for K, garnet (Fe 3 Al 2 Si 3 O 12 ) for Fe, Cr-diopside (Mg, Cr) CaSi 2 O 6 for Ca, and olivine (Mg, Fe) 2 SiO 4 for Mg, as well as synthetic minerals namely rutile for Ti, 99.7% Cr 2 O 3 for Cr, and Ni 2 Si for Ni, were used for standard calibration , and a program based on the ZAF procedure was used for matrix corrections. The precisions of all analyzed elements were better than 1-2%.
Results

Petrography
The studied rocks can be separated into three distinct groups as follows; K-rich granitoids (KRGs), tonalities-trondhjemites-granodiorites (TTGs), and pegmatite-aplite rock association.
K-rich Granitoid (KRG)
The KRGs consist mainly of granites with some granodiorites and adamellites. The granites ( Fig. 3a) include granite (s.s.), two-mica granite, pyroxene granite, hornblende granite, meta-granite and granitic gneiss ( Table 1) . The mineral grains of the granites are holocrystalline and granular with some slightly deformed types. The plagioclase and Kfeldspar grains are prismatic, myrmekitic, perthitic, and incipiently recrystallized, with poorly preserved twin lamellae (Fig. 3b ). The plagioclase and K-feldspar grains are zoned with sericitized zone planes, with the occurrence of cracked types mostly infilled by quartz and/or muscovite grains. The pyroxene grains are emerald to dark green in colour, and mainly euhedral to subhedral with few anhedral types. The hornblende grains are mostly brown with few green types that have poorly preserved cleavage planes ( Fig. 3c) , with some zoned types observed ( Fig. 3d ). Some of the hornblende grains are partially dissolved with their cavities infilled by apatite grains. Others are densely stuffed with titanite grains. Pleochroic haloes in biotite grains sometimes host titanite and zircon grains. Muscovite grains define the foliation in the meta-granite and granitic gneisses ( Fig. 3e ) and they are aligned with twin lamellae of some feldspar grains in these rocks. Biotite and muscovite grains are mostly interstitial, whereas the quartz grains are recrystallized and show preferred orientation in the meta-granite and granitic gneisses. Generally, the quartz grains are either cryptocrystalline, polycrystalline, interlocking, sutured or poikilitic, and show undulose extinction or are granulated at their boundaries. Some of granites are sheared, displaying bent mineral grains (e.g. biotite and plagioclase twin lamellae), and brecciated and fractured (microfaults) plagioclase grains ( Fig. 3f ). Also present in some granites are shredded and milled grains of biotite and muscovite, with common grain elongation, grain rotation and cracks. Accessory minerals include opaque oxide/sulphide, epidote, apatite, titanite, carbonate, zircon and fluorite.
The granodiorites ( Fig. 4a ) are composed of plagioclase, K-feldspar, muscovite and quartz (Tables 1 and 2) . Accessories include opaque oxide/sulphide, titanite, zircon, epidote, carbonate and apatite. The grains are holocrystalline, coarse to serrated and granular. Pleochroic haloes of biotite occasionally host zoned grains of zircon. Muscovite inclusions in K-feldspar grains are usually aligned along twin lamellae. Quartz grains are in some cases interstitial, sutured and form vein-like structures (Fig. 4b ). The grains are conchoidally fractured or cracked (so are epidote and titanite) with common grain boundary granulations ( Fig. 4c ). Some of the granodiorites are sheared with the occurrence of haphazardly oriented muscovite grains in the centrally altered cores of plagioclase and also around fresh plagioclase and K-feldspar grains ( Fig. 4d ). Bent and/or fractured plagioclase grains are common with biotite defining the plane of displacement. The hornblende grains are mostly zoned. The adamellite is composed of plagioclase, biotite, Kfeldspar, muscovite and quartz (Tables 1 and 2). Accessories include opaque oxide/sulphide, titanite, epidote, hornblende and apatite, which are holocrystalline and granular. The quartz grains are (Milési et al., 1992) . P.A. Sakyi, et al. Precambrian Research 336 (2020) 105492 sometimes bent with incipient dissolution defining an axial plane.
Tonalite-Trondhjemite-Granodiorite (TTG)
The TTGs (Tables 1 and 2 ) are similar to the KRGs, except that the anorthite and albite plagioclase types have been partly or wholly sericitized. The presence of granulated and recrystallized quartz grains of the TTGs is indicative of shearing. K-feldspar, muscovite and biotite also occur in these rocks ( Fig. 5b-d ). Geochemically they are more sodic than the KRGs.
Pegmatite and aplite (P/A)
The pegmatite and aplite are composed of microcline, plagioclase, muscovite and quartz ( Table 1 ). The grains are holocrystalline, coarse (pegmatite) and fine (aplite), and granular. The microcline grains are mostly altered to sericite, whereas the muscovite grains are mostly interstitial, displaying preferred orientation. The muscovite grains are clustered and bent in the aplite. Interstitial microcline grains are observed in the aplite. The quartz grains are sutured, polycrystalline, interstitial, brecciated and form weakly preserved veins ( Fig. 6b and  6c ). In the aplite, their boundaries display evidence of dissolution ( Fig. 6d ).
Results from mineral chemistry analyses (Table 3) indicate that the TTGs and KrGs are made up of various proportions of plagioclase such as anorthite (An 90 to An 100 ), bytownite (An 80 to An 88 ), andesine (~An 44 ) and albite (An 0 ) ( Fig. 7a ). Others are pyroxene (enstatite; Wo 0.1-0.3 Fs 30.0-41.9 En 57.9-69.6 ; KRGs only; Fig. 7b ), hornblende (magnesio-hornblende; KRGs only; Fig. 7c ), biotite (transition from Mg to Ferich types; Fig. 7f ) and K-feldspar (orthoclase -~Or 98 ; Fig. 7a ) (Tables 2  and 3 ). The hornblende grains are calcic and magmatic ( Fig. 7c and 7d ).
Major and trace element geochemistry
The results of whole-rock major and trace element analyses of the P.A. Sakyi, et al. Precambrian Research 336 (2020) 105492 KRGs are presented in Irving and Baragar (1971) , indicating that the rocks are highly evolved. The KRGs belong predominantly to the high-K calc-alkaline and shoshonitic series ( Fig. 8a and 8b ). The rocks are mostly metaluminous to slightly peraluminous ( Fig. 8d ), magnesian to slightly ferroan ( Fig. 8e ) and plot mainly in the calc-alkaline series ( Fig. 8c ) and alkalic field of the MALI diagram ( Fig. 8f ). On the major element Harker diagrams ( Fig. 9 (ORG) normalized multi-element diagrams ( Fig. 10b and 10c ).
TTG
Results of whole-rock major and trace elements analyse of the TTGs are presented in O'conor (1965) , the TTGs plot mainly in the trondhjemite field with few straddling the trondhjemite and granite boundary (not shown). On the AFM diagram of Irving and Baragar (1971) the TTGs display only slight evolution when compared with the KRGs. The TTGs also plot mainly in the field defined by high-K calc-alkaline and shoshonitic series ( Fig. 8a and Fig. 8b ). They are mostly metaluminous Sakyi, et al. Precambrian Research 336 (2020) 105492 Sakyi, et al. Precambrian Research 336 (2020) 105492 to slightly peraluminous ( Fig. 8d ), mainly magnesian ( Fig. 8e ) and plot in the calc-alkaline series ( Fig. 8c ) and the calc-alkalic to alkalic fields of the MALI diagram ( Fig. 8f ). On the major element Harker diagrams, the KRGs display linear trends. However, diffused patterns are observed in Na 2 O and K 2 O vs SiO 2 plots (Fig. 9 ). The TTGs have Sr and Y concentrations of 614-1245 ppm, 5.09-12.10 ppm respectively and Sr/Y ratios of 31.8-140.1 They show strongly fractionated REE patterns (La N /Yb N = 32.3-82.8) on the chondrite-normalized REE diagram ( Fig. 10a) , with slightly negative to almost no Eu anomalies of 0.81-1.01 (average Eu/Eu* = 0.86). Barium, Rb and Th display high concentrations whereas Nb, Ta and Ti are depleted compared to other elements in Early Proterozoic Upper Continental Crust (EPUCC) and Ocean Ridge Granite (ORG) normalized multi-element diagrams ( Fig. 10b and 10c ).
Pegmatite and aplite
Only one sample each of the pegmatite and aplite were analyzed for whole-rock major and trace element composition ( Irving and Baragar (1971) they show characteristics of highly evolved rocks. The pegmatite and aplite are calc-alkaline ( Fig. 8a-c) , peraluminous ( Fig. 8d ) and ferroan ( Fig. 8e ) in composition. On the major element Harker diagrams, the rocks display linear trends with the exception of MgO vs. SiO 2 and P 2 O 5 vs. SiO 2 where they appear static (Fig. 9) .
The pegmatite and aplite have Sr and Y concentrations of 37.5 and 20.8 ppm, and 14.5 and 16.4 ppm respectively, with corresponding Sr/ Y ratios of 2.59 and 1.27. They show weakly fractionated REE patterns (La N /Yb N = 1.8 and 0.9) on the chondrite normalized REE diagram ( Fig. 10a) , with negative Eu anomalies of 0.40 and 0.18 respectively. Rubidium, Nb, Ta and Ti (averagely high) display high concentrations relative to KRGs and TTGs and depleted Ba and Th compared to other elements in Early Proterozoic Upper Continental Crust (EPUCC) and Ocean Ridge Granite (ORG) normalized multi-element diagrams ( Fig. 10b and 10c ).
Strontium (Sr)-neodymium (Nd) isotope geochemistry
Strontium-neodymium isotopic compositions of the studied samples are presented in Table 5 . 87 Sr/ 86 Sr and 143 Nd/ 144 Nd ratios for the KRGs range from 0.7097 to 0.8133 and 0.5109 to 0.5113 respectively, whereas those for the TTGs are 0.7091-0.7185 and 0.5111-0.5112 respectively. The samples display strongly fractionated 147 Sm/ 144 Nd ratios (0.0711-0.1030 and 0.0808-0.0893 respectively). The initial 87 Sr/ 86 Sr (I Sr ) values calculated for the KRGs and TTGs at 2.1 Ga, which represents the crustal formation age during the Eburnean orogeny (e.g., Abouchami et al., 1990; Boher et al., 1992) are generally variable (0.6021-0.7320 and 0.6491-0.6687 respectively), whereas their ε Nd (t) range from −0.86 to + 1.37 and + 0.90 to + 1.24 respectively. The crustal residence ages of the TTGs and KRGs calculated according to the depleted mantle model ages of DePaolo (1998) are T DM1 (2.34-2.38 Ga and 2.36-2.53 Ga respectively) and T DM2 (2.21-2.24 Ga and 2.22-2.39 Ga respectively). However, the T DM2 ages appear to be very consistent and generally close to the formation age of 2.1 Ga. A generally negative correlation trend is highlighted in the Ԑ Nd (t) vs. ( 87 Sr/ 86 Sr) i plots where samples mainly show affinity for the mantle array ( Fig. 11a ), particularly the HIMU (Fig. 11b ).
Discussion
Alteration and effects of weathering
The loss on ignition (LOI) values for the studied rocks are in the range of 0.00-1.06 % (average 0.47%) (Table 4) . These values are significantly low, suggestive of the relatively fresh nature of the samples. Several previous studies have revealed that the Birimian rocks Tongo  Naga  Chaqpaala  Sample ID  ZK07  ZK08  DM03A  BN01  BN02  BS04  RA03B  RA06  RA08  TG01G  TG01C  NB01A  ZK01  ZK05  ZK07   Pl-12  Pl-13  Pl-14  Fsp-1  Fsp-2  Fsp-3  Fsp-4  Fsp- Sakyi, et al. Precambrian Research 336 (2020) 105492 have been metamorphosed mostly under greenschist facies conditions (e.g. Leube et al., 1990; Sylvester and Attoh, 1992; Dampare et al., 2008; Amponsah et al., 2015 Amponsah et al., , 2016 Block et al., 2016a) . From petrographic studies of the granitoids, evidence from the primary mineral assemblages and textures suggest that they have not been extensively altered. That notwithstanding, chemical index of alteration (CIA) (Nesbitt and Young, 1982) was calculated for the granitoids to determine the extent to which they have been altered by secondary processes. The CIA values obtained are 41.6-51.5 with an average value of 49.2 for the KRGs, 48.8-52.3 with an average of 49.8 for the TTGs, 56.0 for the pegmatite and 58.7 for the aplite. According to Nesbitt and Young (1982) , CIA value of unaltered granitoids is 50, and any CIA value exceeding 60 can be considered as significantly altered. The range of values suggests our samples are relatively fresh, with minor alteration, and therefore, they could be relied upon for geochemical investigations. Similarly, The calc-alkaline to high-K calc-alkaline and shoshonite series affinity commonly displayed by the granitoids on the plots of transition vs. fluid immobile elements (e.g. Co vs. Th; Fig. 8a ; Hastie et al., 2007) and K 2 O vs. SiO 2 (Fig. 8b ; Peccerillo and Taylor, 1976) indicate that the LILE (e.g. K) were least affected by alteration and/or metamorphism. Thus, even though the alkalis (e.g. K 2 O and Na 2 O) values may have been affected by alteration, the LOI and CIA values and inferences made from them strongly indicate they are relatively primary.
Temperature-Pressure conditions of crystallization
Biotites and hornblendes are the most dominant mafic minerals in (Leake et al., 1997) . (e) Ca + Al IV vs. Si + Na + K diagram (Giret et al., 1980 ). (f) Al IV vs. Fe/Fe + Mg diagram (Deer et al., 1992) . Sakyi, et al. Precambrian Research 336 (2020) 105492 Sample ID  RA01  TG01G  RA03A  RA03D  RA04  RA05  RA06  BN01  BN02  DM02  DM03A  NB01A  TG01B  TG01F  TG01H wt Sakyi, et al. Precambrian Research 336 (2020) 105492 Sakyi, et al. Precambrian Research 336 (2020) 105492 the KRGs and TTGs. Biotites, together with hornblendes, usually crystallize at greater pressures in the presence of some mineralizing agents such as hydrogen and fluorine, either in greater or lesser amounts (Lalonde, 1993) . Biotite data from these two rock types show a linear trend towards siderophyllite (Fe-biotite), indicating crystallization under high oxygen fugacity conditions . The solubility of Ti in biotite is highly caused by temperature. Therefore, the higher the temperature, the more soluble Ti is (Patino Douce, 1993; Esfahani et al., 2017) . Some of the TiO 2 concentrations in the KRGs and TTGs are as high as 5.61 and 2.85 wt% respectively ( Fig. 12a ), the overall formation temperatures of the KRGs and TTGs were in the range of 680-720°C, with the exception of one sample that recorded a temperature of about 740°C. Euhedral hornblende grains embedded in interstitial quartz and Kfeldspar suggest continuous crystallization of quartz and K-feldspar after hornblende had crystallized (Mazhari et al., 2008) . However, the unique suites of minerals that are produced in each granitoid rock is a function of the bulk composition of the magma, the degree of aluminum oversaturation, temperature, pressure, a(H 2 O), f(HF), MgO + FeO, and concentrations of certain trace elements such as B, Be, Cs, F (Clarke, 1981) . The amphibole group of minerals (e.g. hornblende in this study) is suitable for geobarometry and geothermometry in calc-alkaline igneous rocks because they are stable over a wide P-T range of 1 kbar-23 kbar and 400°C-1150°C (Hollister et al., 1987) . Constraining the emplacement depth of granitic plutons often requires an Al-in-hornblende barometer. However, prior to that, temperature and/or oxygen fugacity parameters must be evaluated since Al content in amphibole is sensitive to crystallization conditions and oxygen fugacity . Hornblende grains from only the KRGs were analyzed in this study and they recorded temperatures of~640-750°C and pressures of~2.7-4 kbar (Table 6 ). However, a plot of Fe 2+ /Fe 2+ +Mg vs. Al total , reveals pressures of~2-3 kbar and 6 kbar ( Fig. 12b) , whereas the KRGs also plot in the high fugacity field of the Fe 2+ /Fe 2+ +Mg vs. Al IV diagram (Fig. 12c ).
Petrogenesis
Petrogenesis of the TTGs
TTGs are known to be very important rocks in the evolution of the continental crust, and they precede the generation of KRGs (Sylvester, 1994; Manya et al., 2007; Manya, 2016) . They are characterized by high concentrations of Al 2 O 3 (1.08-16.5 wt%), low concentrations of HREE (Y = 3-7 ppm; Yb = 0.3-0.5 ppm), and high Sr/Y and La/Yb values (Martin, 1999; Martin et al., 2005; Manya, 2016) . The TTGs of this study have similar geochemical characteristics (Table 4 ). They all display LREE enrichment and plot in the adakite field of the (La/Yb) N vs. Yb N diagram (Fig. 13a) , and therefore, may be classified as high silica adakites since their SiO 2 contents are greater than 60 wt%. They also display weak negative to no Eu anomalies (Fig. 10a) , enrichment in Ba, Rb and Th, and negative Nb-Ta, Zr-Hf and Ti anomalies ( Fig. 10b  and 10c ). The TTGs are co-magmatic with the fractionation of hornblende, biotite, K-feldspar, pyroxene, titanite and titanomagnetite, and to some extent plagioclase ( Fig. 9 ). Garnet and/or amphibole may have been residual minerals in the source of the melt. The Ԑ Nd (2.1 Ga) values (+0.90 and + 1.24) of the TTGs indicate their derivation from juvenile sources (Chen and Arakawa, 2005; Sakyi et al., 2017) . Similarly, the single stage Nd model ages (T DM1 ) of 2.34-2.38 Ga and two stage Nd model ages (T DM2 ) of 2.21-2.24 Ga (Table 5 ) for the TTGs further indicate their juvenile character. Therefore, the Ԑ Nd values and model ages suggest a depleted source that probably became metasomatized later in an arc system, further indicating that they were most likely produced in an almost entirely oceanic environment (e.g. Eglinger et al., 2017) .
According to Drummond and Defant (1990) , TTGs and adakites are formed by partial melting of hydrous basaltic crust in subduction-related settings. They may also be formed by partial melting of Hastie et al. (2007) showing calc-alkaline to high-K calc-alkaline and shoshonitic series for the studied rocks. (b) K 2 O vs. SiO 2 diagram (after Peccerillo and Taylor, 1976) . (c) AFM (A = Na 2 O + K 2 O, F = Fe 2 O 3T , M = MgO) diagram (after Irving and Baragar (1971) ). (d) ASI vs. SiO 2 diagram (after Maniar and Piccoli, 1989) . (e) Fe index, Fe 2 O 3T /Fe 2 O 3T + MgO vs. SiO 2 diagram (after Frost et al., 2001 ). (f) MALI (modified alkali lime index = Na 2 O + K 2 O -CaO) vs. SiO 2 diagram (after Frost et al., 2001) .
amphibolite/eclogite at the base of thickened arc crust (Manya, 2016) . The TTGs in this study could be interpreted as adakitic arc rocks (e.g. Abitty et al., 2016) (Fig. 13a) (Fig. 13b) . We, therefore, infer that the TTGs were formed by partial melting of lower crustal materials.
Petrogenesis of the KRGs
The KRGs, on the other hand, have higher concentrations of K, Sr, Rb and Th, with relatively higher REE concentrations. Nonetheless, the KRGs and the TTGs share similar isotopic and geochemical signatures such as weak negative to no Eu anomalies ( Fig. 10a ) and negative Nb-Ta, Zr-Hf and Ti anomalies ( Fig. 10b and 10c) . The potassic nature of the KRGs is likely to have been derived from partial melting of low-K TTGs together with some meta-greywackes and metapelites, or from partial melting of a highly metasomatized K-rich mantle source (e.g., Watkins et al., 2007; Laurent et al., 2014; Eglinger et al., 2017) . The presence of both positive and negative Ԑ Nd (2.1 Ga) values (−0.86 − +1.37) as well as Nd model ages (T DM1 = 2.36-2.53 Ga; T DM2 = 2.22-2.39 Ga), suggests that the KRGs were also derived from juvenile sources or from a short-lived mafic crust of low K 2 O, but with some minor amount of older crustal input (Chen and Arakawa, 2005; Manya, 2016) . The mafic (1.21-8.54 wt% Fe 2 O 3T + MgO) and silica (61.78-74.55 wt% SiO 2 ) contents of the KRGs also confirm their derivation from low-K 2 O magmas .
The occurrence of mafic enclaves in some of the KRGs may be indicative of mixing processes (Fig. 3) . It can be inferred that the KRGs were derived by partial melting of the TTGs in which they intrude. We therefore propose the formation of the KRGs as follows: (i) crustal anataxis, most likely due to dehydration melting of mid-crustal mafic to intermediate meta-igneous rocks (e.g. Liégeois et al., 1998; Goswami and Bhattaacharyya, 2014; Wane et al., 2018; Lui et al., 2019) , resulting in the formation of the TTGs of this study; (ii) the KRGs were then introduced by variable assimilation of old crustal materials (the TTGs) caused by the intra-plating of hot mantle-derived margins in an extensional active continental margin with lithospheric thinning. This may also be caused by continental collision, resulting in crustal thickening (evidenced by the total Al, Fe/(Fe + Mg) and Ti of the studied biotites) (e.g., Lalonde, 1993; Hawkesworth and Kemp, 2006; Hosseini et al., 2014; Liu et al., 2019) .
Some of the KRG samples plot in A-type granite fields of Y vs. 10000*Ga/Al diagram (not shown). A-type granitoids are typical of Sakyi, et al. Precambrian Research 336 (2020) 105492 within-plate environments but rare in arcs. They are known to be anorogenic, alkaline, anhydrous and are formed when alkali basalts interact with a granulitic lower crust or by direct fractionation of the alkali basalts in stable continental blocks and rift zones without crustal interaction (e.g. Eyuboglu et al., 2019) . The geochemical characteristics of the KRGs that plot in A-type granite fields are typical of I-type granitoids. We therefore speculate that the development of the A-type features was as a result of intense fractionation and does not reflect source composition or characteristics of the tectonic environment (e.g. Whalen et al., 1987; Eyuboglu et al., 2019) . The Nd model ages obtained from the analyzed samples (Table 5 ) are slightly higher than the formation ages (2.1 Ga). The ages reflect the juvenile characteristics of the KRGs with possible minor contribution from source materials that likely contained rocks of older ages (possibly mafic lower crustal materials).
There is a clear geochemical distinction between the pegmatiteaplite association on the one hand, and the TTGs and KRGs on the other. The pegmatite and aplite are not strongly enriched in LREEs, possibly due to the presence of rutile, titanite, ilmenite and apatite as residual phases in the source of the melt (Fig. 10a) . The pronounced (Taylor and McLennan, 1985) ; (b) Early Proterozoic upper continental crust-normalized multi-element diagram (Condie, 1993) ; and (c) Ocean ridge granite-normalized diagram (Condie, 1993) of the KRGs, TTGs and pegmatite-aplite association. Sakyi, et al. Precambrian Research 336 (2020) 105492 negative Eu anomalies (Fig. 10a ) suggest that plagioclase may be a residual phase or was separated from the melt during fractional crystallization. They are also peraluminous, calc-alkaline and ferroan, highly evolved and plot in the metagraywacke fields of the Al 2 O 3 / (FeO + MgO + TiO 2 ) vs. Al 2 O 3 + FeO + MgO + TiO 2 diagram (Fig. 13b ). However, because of their limited number in this study, no emphasis will be placed on them in our discussions on petrogenesis and tectonic setting.
Geotectonic setting
Tectonic setting of the TTGs and KRGs
The geochemical data of the TTGs and KRGs are enriched in LILE and LREE and depleted in HREE and HFSE. The samples display pronounced Nb-Ta and Zr-Hf troughs and weak negative or no Ti anomaly (Fig. 13) . The enrichment in LILE and LREE and depletion in HREE and HFSE, coupled with the negative anomalies displayed by Nb, Ta and Ti are characteristics of subduction-related magmas and typical of rocks formed in an arc setting (e.g. Zhao and Zhou, 2007; Sakyi et al., 2014) . Furthermore, the highly fractionated REEs (La/Yb) N of the granitoids, with low (Yb) N values suggest evolution of a juvenile crust (Lompo, 2009) .
The calc-alkaline signatures exhibited by the granitoids suggest that they are restricted to subduction zones (Winter, 2001) , and are therefore from an arc setting. In the tectonic setting discrimination diagram by Pearce et al. (1984) (Fig. 13c and 13d) , the TTGs and KRGs plot mainly in the fields defined by volcanic arc granites (VAG) and Syn-COLG fields, whereas the pegmatite-aplite association plot mainly in the VAG and Syn-COLG fields (Fig. 13c ) and within plate granite (WPG) field (Fig. 13d) . The similarity of the tectonic settings for the granitoids, derived from fluid-mobile LILE (e.g. Rb; Fig. 13c ) and fluid-immobile HFSE (e.g., Nb vs. Y; 13d) strongly suggests that alteration of the rocks did not significantly affect the mobility of the LILE. The signatures further support the argument that the studied granitoids are arc rocks that formed in arc and post-collisional settings following an episode of crustal thickening. Goswami and Bhattaacharyya (2014) and Liu et al. (2019) have explained that the melting of crustal source rocks that occurs as a result of the delamination of the lithospheric roots or slab breakoff followed by decompression generates high-K granitic magmas in syn-to-post collisional settings. Also, a post collisional environment marked by large movements along shear zones (evidence of shearing is observed in (Schmidt, 1992) showing formation of amphibole of the KRGs at~2-6 kbar pressure. (c) Fe 2+ / (Fe 2+ +Mg) vs Al IV diagram (Anderson and Smith, 1995) showing the high fO 2 nature of amphibole of the KRGs. P.A. Sakyi, et al. Precambrian Research 336 (2020) 105492 Hbl-1 Hbl-2 Hbl-1 Hbl-2 Hbl-3 Hbl-1 (Ca + Na) B 1.893 1.865 1.908 1.859 1.874 2.146 Na B 0.000 0.000 0.000 0.000 0.000 0.000 (Na + K) A 0.673 0.686 0.686 0.716 0.782 0.792 Mg/(Mg + Fe 2+ ) 0.601 0.654 0.602 0.616 0.634 0.537 Fe 3+ /(Fe 3+ +Al VI ) 0.517 0.508 0.537 0.582 0.506 0.836 P(kbar) (Probe-Amph) Hammarstrom and Zen (1986) 3.1 2.7 2. 5 5.6 Hollister et al. (1987) 3.1 2.7 2.4 5.9 Johnson and Rutherford (1989) 2.4 2.1 1.9 4.5 Schmidt (1992) 3.6 3.3 3.1 6 Fig. 13. (a) Chondrite normalized plot of La/Yb vs. Yb (Martin, 1986) Sakyi, et al. Precambrian Research 336 (2020) 105492 and shoshonitic granitoids are generally emplaced in arc and post collisional settings preceded by an episode of crustal thickening; a widespread feature of orogenic collisional orogens (Lu et al., 2015; Eglinger et al., 2017) . Additionally, zircon U-Pb dating and Hf and O isotope studies of igneous rocks from the Paleoproterozoic Baoulé-Mossi domain of the WAC, covering Burkina Faso, Ghana, Guinea and Mali revealed the juvenile isotopic character of the domain, and further showed that the southern part of the WAC evolved by accretionary processes . Similar to the above, zircon U-Pb age and Lu-Hf isotopic data from granites of southern, southeastern and northwestern Ghana suggest juvenile crustal addition with a short period of reworking of Archaean crust within the Paleoproterozoic Birimian terrane of Ghana, and further provide evidence of subduction-related crustal growth (Petersson et al., , 2018 . Similarly, petrographic, geochemical and geochronological studies of granitoids of the Masssigui region of southern Mali, revealed that the Birimian Baoulé-Mossi segment of the WAC formed through the accretion of a complex system of oceanic island arcs . The authors further proposed a model summarized as follows; (1) melting of subduction-enriched mantle by oceanic plate subduction, followed by (2) an oceanic closure through oblique collision, and finally, (3) the metacratonization of the WAC, leading to the rise and emplacement of granitoid melts.
The above-mentioned tectonic settings and processes represent one of several that have been proposed for the WAC in other studies, and they are analogous to what has been proposed for the TTGs and KRGs of the Bole-Nangodi Belt of northern Ghana. Thus, the geochemical and Nd isotopic data in this study are consistent with the juvenile character of the rocks, and the island arc model, which views the Paleoproterozoic terranes of the WAC in the context of subduction-accretion processes.
Globally, the Paleoproterozoic era (c.a. 2.5-1.6 Ga) witnessed the main episode of crustal growth that was recorded on present-day continents (Giustina et al., 2009) . The Paleoproterozoic was marked by a sequence of geotectonic events that led to the formation of orogenic belts and was characterized by large-scale collisional and post-collisional magmatic activity evidenced in most of the ancient cratons. Studies have shown that this global event was related to the assembly of the supercontinent Columbia (Nuna) in the Late Paleoproterozoic-Mesoproterozoic (e.g., Rogers and Santosh, 2002; Zhao et al., 2004; Meert, 2012; ) , particularly at about c.a. 1.90-1.85 Ga (Rogers and Santosh, 2009 ). Zhao et al. (2002) , on the other hand, proposed that the assembly of the supercontinent Columbia (Nuna) was completed by global-scale collisional events during the Paleoproterozoic (c.a. 2.1-1.8 Ga). Rogers and Santosh (2002) proposed that between c.a. 1.9 and 1.5 Ga, South America was sutured onto West Africa whilst the eastern part of India was once connected to the western part of North America, as part of Columbia. Based on the aforementioned, we speculate that the subduction-accretion processes that prevailed in the Paleoproterozoic terrane of the WAC during the c.a. 2.1-2.0 Ga Eburnean orogeny may have played a role in the buildup of the Columbia supercontinent during the Paleoproterozoic.
Conclusions
The KRGs of this study consist of granite, granodiorite and adamellite, whereas the trondhjemite and granodiorite make up the TTGs. The KRGs intrude the TTGs and they are geochemically similar. The trace element and Nd-isotopes of the TTGs suggest that they were formed by partial melting of hydrous basaltic crust at pressures where garnet and amphibole were the stable phases. In this part of the Paleoproterozoic terrane of the WAC, it can be inferred that the KRGs were most likely derived from partial melting of the TTGs into which they intrude. Lastly, the pegmatite-aplite association was most likely derived at a later time, after the formation of the KRGs. To this effect, the following stages may represent the evolutionary history of the rocks that occur in the Bole-Nangodi belt of the Paleoproterozoic Birimian terrane of Ghana; (i) the generation of basaltic magmas as a result of subduction processes that led to the formation of a basaltic crust, (ii) volcanism and contemporaneous sedimentation that led to the formation of large batholiths present today as the TTGs. Hence, the formation of a juvenile arc crust (a young continental crust), known in this study as the Birimian crust, (iii) subsequent continued subduction that triggered an arc-continent collision, where the Birimian crust collided with an unknown crust, resulting in the termination of the subduction, (iv) post-collision extensional processes leading to the generation of magmas with compositions influenced by the TTGs as a result of partial melting triggered by subduction related metasomatism. These melts may have been emplaced and underplated in the lower continental crust and through the process of MASH (melting, assimilation, storage and homogenization) were transformed into more felsic melts. Subsequently, differentiation processes such as assimilation and fractional crystallization led to the generation of the KRGs. Later relaxation processes may have led to the generation of the pegmatite-aplite rock association. From the available literature and foregoing discussions, the major process operating in the Paleoproterozoic era and during the Eburnean orogeny in the WAC were subduction-accretionary processes, giving rise to the emplacement of rocks in island arc tectonic settings.
